Huntington's disease (HD) is a neurodegenerative disorder causing cognitive and motor impairments, evolving to death within 15-20 years after symptom onset. We previously established a mouse model with the entire human HD gene containing 128 CAG repeats (YAC128) which accurately recapitulates the natural history of the human disease. Defined time points in this natural history enable the understanding of longitudinal trajectories from the neurochemical and structural points of view using noninvasive high-resolution multi-modal imaging. Accordingly, we designed a longitudinal structural imaging (MRI and DTI) and spectroscopy (1H-MRS) study in YAC128, at 3, 6, 9 and 12 months of age, at 9.4 T. Structural analysis (MRI/DTI), confirmed that the striatum is the earliest affected brain region, but other regions were also identified through connectivity analysis (pre-frontal cortex, hippocampus, globus pallidus and thalamus), suggesting a striking homology with the human disease. Importantly, we found for the first time, a negative correlation between striatal and hippocampal changes only in YAC128. In fact, the striatum showed accelerated volumetric decay in HD, as opposed to the hippocampus. Neurochemical analysis of the HD striatum suggested early neurometabolic alterations in neurotransmission and metabolism, with a significant increase in striatal GABA levels, and specifically anticorrelated levels of N-acetyl aspartate and taurine, suggesting that the later is homeostatically adjusted for neuroprotection, as neural loss, indicated by the former, is progressing. These results provide novel insights into the natural history of HD and prove a valuable role for longitudinal multi-modal panels of structural and metabolite/neurotransmission in the YAC128 model. †
Introduction
Huntington's disease (HD, phenotype MIM # 143100) is an autosomal-dominant neurodegenerative disorder characterized by behavioural and motor dysfunction including chorea and dystonia (1) . It is caused by a CAG triplet expansion in the huntingtin gene (HTT; MIM # 613004) on chromosome 4p16.3, which results in an excessively long polyglutamine stretch at the Nterminus of the huntingtin HTT protein (2) . The CAG repeat number is known to be inversely correlated with the age of onset (3, 4) . Usually, in humans, the onset of overt clinical symptoms occurs in between 35 and 45 years of age, and progression until death occurs over a period of approximately 15-20 years (5). Currently, there are no known treatments to effectively slow down HD progression (6) , and it is estimated that it affects approximately 6 in 100 000 people in the western societies (7) .
One of the authors of this study has previously defined a yeast artificial chromosome (YAC) mouse model with the complete human HD gene containing 128 CAG repeats (8) . The fulllength form of huntingtin is expressed under the control of the endogenous huntingtin promoter and regulatory elements, which probably explains why the YAC128 mice mimic so well the temporal trajectory of neuropathologic and neurobehavioural features of the human disease. Critical time points of the phenotype of this model have been defined, at 3, 6, 9 and 12 months of age. At 3 months no neuroanatomic alterations were identified and only hyperactivity was identified. Overt behavioural manifestations become apparent at 6 months, and striatal loss becomes detectable at 9 months. At 12 months, gross cortical atrophy becomes evident. This previous knowledge about the disease evolution in YAC128 mouse model (8) provides the opportunity to study the trajectory of early neurochemical, structural and connectivity changes, prior to clinical onset.
It is well-established that the earliest and most prominent feature of HD is striatal atrophy, which leads to a significant increase of lateral ventricular volume (9) . Caudate degeneration is known to be present in the prodromal phase and to progress along early HD stages (10) (11) (12) . Atrophy of the striatum is therefore recognized as an important hallmark that may be used to assess the disease stage and progression (12, 13) . Nonetheless, other brain regions are also severely affected during the course of HD (14, 15) . In humans, Rosas et al. observed atrophy in several regions, including the nucleus accumbens, hippocampus, amygdala, thalamus and brainstem (15) . Likewise, reports in diverse HD transgenic mouse models have documented that besides the striatum, cortical, hippocampal and globus pallidus (GP) volumes are significantly reduced (16) (17) (18) (19) . A magnetic resonance imaging (MRI) study was conducted in ex vivo YAC128 mice by Carroll et al. (20) , at 1, 3, 8 and 12 months of age. This study used different animals at distinct time points and was not therefore not longitudinal, although it provided valuable information on natural history of HD. The authors observed increases in ventricular volumes, and reduction in striatal, thalamic, cortical, GP and white matter (WM) volumes, without detection of changes at the level of the hippocampus. Direct comparison with in vivo studies should be taken with care because of the volumetric changes ex vivo. Additionally, diffusion tensor imaging (DTI) studies have revealed that decreased fractional anisotropy (FA) is present in premanifest and early stage human HD subjects, suggesting abnormalities in WM pathways, including striatal projection fibres and the corpus callosum (21) (22) (23) . WM integrity of two mouse models have been studied by Teo et al. (24) using DTI, including YAC128 and BACH mice, at 1.5, 3, 6, 9 and 12 months of age; they observed a FA reduction at pre-manifest stages (1.5 and 3 months of age) in anterior commissure, corpus callosum, internal and external capsule, cingulum and cerebral peduncle.
Intriguingly, some studies have suggested the existence of potential compensatory changes between distinct brain structures and the striatum, both in humans and animals (25) (26) (27) . Lerch et al. found an increase in the thickness of the sensorimotor cortex and correlations between this measure and decreased striatal volume in transgenic mice (25) . In turn, Feigin et al. when studying presymptomatic HD patients using 15 O positron emission tomography reported that enhanced activation in thalamocortical pathways may compensate for caudate degeneration during motor learning (26) . In the same line, others noted that increased cortical and subcortical activation could also reflect compensatory mechanisms during task performance (27) .
Proton magnetic resonance spectroscopy (1H-MRS) plays an important role in addressing HD pathophysiological changes, given its known impact on energy metabolism (28) . It allows for the quantification of pivotal brain metabolites such as creatine (Cr), c-aminobutyric acid (GABA), glutamine (Gln), N-acetyl aspartate (NAA), taurine (Tau), among others (29, 30) . Investigation of the neurochemical profile in HD may reveal intrinsic metabolic and neurotransmitter disturbances in its progression and their relationship with clinical, behavioural and structural alterations (31) (32) (33) (34) (35) (36) (37) . As an example, Sturrock et al. (32, 37) found decreased levels of NAA in premanifest and early HD subjects in the left caudate putamen (CPu), and found a correlation with motor and disease burden scores, but not with CPu volumes (37) . Others, using high-resolution MRS, suggested abnormalities in the neuronal energetic metabolism in the CPu, as demonstrated by lower concentrations of NAA and Cr in early HD (35) . Accordingly, Heikkinen et al. also observed decreased levels of NAA and increased Cr, Gln and Tau levels in the striatum of 12 month-old HD transgenic mice (36). Tkac et al. (38) also found decreased NAA and increased glycerophosphocholine (GPC), Tau, Gln and GPC þ phosphocholine (GPC þ PCh) in R6/2 mice studied at early disease stages (few weeks).
MRI is a promising tool to characterize brain phenotypes and disease progression in HD since it allows for detailed in vivo longitudinal assessment and the quantification of brain morphology, neurochemistry and function. It is therefore becoming an important and reliable tool to monitor HD-related changes in the same animal over time, which is not possible with standard histology (39, 40) . On the other hand, the YAC128 model of HD, where precise time points are identified in the natural history of the disease, is very useful in preclinical research, because they are amenable to a swift evaluation of therapeutic targets and follow up of disease evolution and interventional approaches over time. We therefore designed a longitudinal multi-modal in vivo MRI, DTI and MRS study to investigate structural and neurochemical alterations associated with the disorder at different stages and brain structures (i.e. PFC, striatum, GP, hippocampus and thalamus), to understand the stage-dependent (premanifest, early and late HD) nature of neural changes in transgenic YAC128 mice, expressing the human full-length mutant HTT.
Results

Volumetric analysis
The analysis of temporal evolution of structure volumes [as in reflected in the slope estimates measured through b1 coefficients (see explanation in Eq. (1)), see Materials and Methods section], revealed significant differences between wild-type (WT) and YAC128 mice for the striatum (P < 0.001) and hippocampus (P ¼ 0.009), as detailed in Figure 1 , while no differences in b1 were observed for the volumes of the remaining structures of interest (SOIs, see Supplementary Material, Fig.  S1 ). These observations seem to reflect a prominent neurodegenerative effect of HD in the striatum (more pronounced volumetric reduction). Conversely, the age-dependent reduction of hippocampal volume was attenuated in YAC128 mice, since the mean regression b1 WT was lower than b1 HD for this structure (irrespective of the age-related volume decreases that were observed on both mice groups, b1 <0).
However, the analysis of the b0 coefficients (intercepts, that represent mean changes irrespective of trajectory), showed that atrophy in YAC128 mice is also present at the level of the hippocampus (P ¼ 0.002), as well as at the prefrontal cortex (PFC, P ¼ 0.002), striatum (P ¼ 0.032) and GP (P ¼ 0.001), as shown in Table 1 .
Concerning gender analysis, since we did not find any interaction between group and sex, we have pooled for gender on the remaining statistical analysis.
DTI analysis
Analysis of average mean diffusivity (MD) in the SOI, for WT and YAC128 mice is summarized in Figure 2 and Table 2 . The YAC128 mice experienced a progressive reduction of MD over time in the striatum [negative slopes represented by b1 coefficients, Eq. (1)], while it remained almost constant in the WT group (P ¼ 0.0219, Fig. 2A and C) . On the other hand, in the thalamus, WT mice experienced faster MD reduction over time than YAC128 mice (P ¼ 0.0335, Fig. 2B and C). No significant differences for MD slopes were found for the remaining brain structures (Supplementary Material, Fig. S2 ). Moreover, differences on the intercepts [b0 coefficients from Eq. (1)] were observed for the PFC and striatum (Table 2) .
On the other hand, from FA analysis we observed for all the SOIs a similar pattern, as shown in Figure 3 : while FA decreased along time in YAC128 mice (negative b1 coefficients), an increment is observed in WT mice (positive b1 coefficients), being significantly different. While the increases observed in WT mice are in agreement with the progression of microstructural organization, the reduction of FA in YAC128 mice could be attributed to the characteristic neurodegenerative effects of the disease. Significant differences in b0 coefficients (representing mean offset values, irrespective of trajectory) were also found for all SOI, as presented in Table 2 . No sex effect was found in DTI measurements. Lower coefficients for YAC128 mice at PFC, striatum, GP and hippocampus may evidence atrophy on these structures.
MRS results
The spectrum enabled a reliable signal assignment and quantification of several brain metabolites in the striatum, as exemplified in Figure 4 . Statistically significant age effects were found for both groups in a series of metabolites. These include NAA (F ¼ 14.33, P ¼ 6.38e-5), Cr þ phosphocreatine (Cr þ PCr, F ¼ 8.27, P ¼ 0.0062) and GPC þ PCh (F ¼ 11.57, P ¼ 0.00025). A post-hoc analysis suggests that YAC128 mice have increased concentration for GABA levels at 6 and 9 months of age (t ¼ À1.73, P < 0.05). For the other metabolites, there was a clear time dependence: regarding alanine (Ala, t ¼ 2.51,
35; P ¼ 0.028), the levels were higher for YAC128 than for WT mice at 6 months of age, but then decreased to lower levels at late illness stages (P < 0.043). Regarding Cr þ PCr, YAC128 mice showed increased concentration compared to WT at all time points (t ¼ À2.87, P ¼ 0.006). Figure 5 presents the scatter plots of these results, including the individual animal data. Additionally, we tested (Mann-Whitney test) the gender differences for both groups and no significant sex differences were found for WT animals. On the other hand, we found a significant increase of PCh (U ¼ 4, P ¼ 0.008), Tau (U ¼ 5, P ¼ 0.013) and Cr þ PCr (U ¼ 4, P ¼ 0.008) for the YAC128 mouse males at 9 months of age, but no other sex effects for the remaining time points.
Correlations between parameters
Correlations between brain structures volumes When correlating the p1 l coefficients [see Eq. (2)] obtained from measurements of striatum volumes with that from the volumes of the remaining brain structures, we found a significant negative correlation with the hippocampus, specific of the YAC128 mice (P ¼ 0.036, r ¼ À0.79), while no such correlation was found for the WT group (P ¼ 0.76, r ¼ 0.19). Also, PFC volumes presented significant positive correlations with striatal volumes for both WT (P ¼ 0.022, r ¼ 0.93) and YAC128 (P ¼ 0.021, r ¼ 0.83) mice, as expected from the known strong connectivity between the striatum and PFC. No significant correlations were found with the volumes of the remaining brain structures.
Correlations across metabolites
From the Spearman correlation analysis (and considering only metabolites presenting significant differences between groups), we found significant correlations for the NAA versus Tau (r ¼ À0.857, P ¼ 0.01 for WT, r ¼ 0.952, P ¼ 0.0002 for YAC128) for both mice groups at 9 months of age, as shown in Figure 6 . Notably, this correlation is negative for WT and positive for HD.
Correlation between striatum volumes and metabolites Regarding evolution of striatal volumes and their metabolite levels, we found significant correlations for Cr (P ¼ 0.019, r ¼ 0.84) and GPC þ PCh (P ¼ 0.004, r ¼ 0.92) only in the YAC128 mice (Fig. 7) . No significant correlations were observed for the remaining metabolites.
Discussion
The main novelty of our study was to provide a detailed temporal insight into the natural history of HD, reflected by the slow progression of the YAC128 transgenic mouse model. This model, with the entire human HD gene containing 128 CAG repeats, was previously established by one of the co-authors (8) and accurately recapitulates the human disease across defined time points, thereby providing relevant setting for our longitudinal study. We analysed along four critical time points (3, 6, 9 and 12 months of age) neurochemical profiles, local connectivity and morphometric phenotypes. We found critical striatalhippocampal dissociations in the longitudinal trajectories of WT and YAC128 mice, which were also true in which concerns DTI analysis, as well as in the neurometabolic domain in the striatum (Tau versus aspartate; Cr pool versus striatal volume). Importantly, one cannot exclude the fact that the nature of some of the early changes might be neurodevelopmental in nature.
Our volumetric analysis did go beyond the notion that the striatum is the most sensitive brain structure to early damage, by showing that it suffers from accelerated atrophy, which is anticorrelated with changes in hippocampal volume. Volume decays were not observed in the striatum of WT mice, while in YAC128 mice we observed a pronounced effect. Concerning hippocampal volumes, WT actually decayed faster than HD mouse model, suggesting that this structure might be more demanded in HD due to the striatal loss, since they are functionally connected (41) . This is further corroborated by the observed negative correlation between striatal and hippocampal volumes in HD. The higher the reduction of striatal volumes, the lower the reduction of hippocampal volumes along ageing. To the best of our knowledge, this observation has never been reported before in HD studies, and we suggest that it may reflect an adaptive mechanism, although alternative explanations are possible. Interestingly, in a functional neuroimaging study in HD patients, this compensatory mechanism between hippocampus and striatum have been suggested (42) highlighting the adaptability of the YAC128 mouse model to represent the natural history of the disease. These results also suggests that longitudinal measurements of morphometric changes of brain structures may be more useful as potential biomarkers for assessing disease evolution and therapeutic effects, since previous ex vivo studies in YAC128 mice were unable to evidence hippocampal involvement (20) , as well as simple absolute measures that have been also used in human studies (10) (11) (12) (13) . Indeed, additional longitudinal studies in different mouse models have also evidenced hippocampal compromise (18, 19) . Concerning the striatum and PFC volumes, we found a positive correlation between volumetric trajectories of these two physiological connected structures, as expected, in both WT and YAC128 mice. Such a correlation could only be detected with the longitudinal analysis (correlation of p1 l coefficients) implemented here, which is not possible in cross-sectional studies, which are less appropriate to assess how structural volumes co-vary. In the Supplementary Material, Table S1 is presented with previous data in humans and animals.
DTI analysis revealed a generalized reduction over time in FA for YAC128 mice, while increases were observed in WT mice. These findings seem to reflect the degenerative effect of the disease. It is also in agreement with previous observations in YAC128 mice, where WM tracts also presented FA reduction at pre-manifest stages. Moreover, from cross-sectional human studies, reductions on FA were related to abnormalities in WM pathways (21) (22) (23) . From our MD analysis a higher group mean (b0) for YAC128 mice was observed at the striatum and PFC, which are also in agreement with the notion of axonal degenerative effect. Despite significant temporal reduction of MD was observed over time for YAC128 mice at the striatal level, these values still remained higher for YAC128 mice along time. These diffusivity differences observed only at the striatal level are also consistent with the specifically increased susceptibility of this structure in HD.
Importantly, volumetric and diffusivity analyses of b0 reflect that divergences between WT and YAC128 mice are present even at pre-manifest stages. It is consistent with recent studies in pre-symptomatic HD patients where abnormalities have been observed (43, 44) , as well as in mutant HD mice (45) . In these human studies, striatum and cortex were mainly affected at presymptomatic stages, and these are the two brain structures that presented b0 divergences in our MD analysis.
Concerning MRS, we have observed important group and ageing-related differences. These include NAA that seemed to fluctuate, but the finally reduced levels in YAC128 mice at 12 months of age seem to reflect ultimate neural loss. Nevertheless, atrophy/shrinkage of cells may also occur. As previously reported, GABA, through the indirect striatal-cortical pathway underlies the inhibition of unwanted movements and impairments in this pathway have been associated to the chorea symptoms in HD (46) . Furthermore, this theory of early motor changes in HD may also be related to a dysfunction of the basal ganglia circuits. In our study, we found high GABA levels between 6 and 9 months of age, although differences with WT mice were not found at 1 months of age. Gln or glutamate (Glu) level group differences were absent. Given the differences in GABA levels, this suggests a time-dependent increased inhibition/excitation ratios (at the early stages but not latter on). It is important to note that one should not interpret tissue GABA and GLU levels in strictly synaptic terms, since the metabolites have diverse roles across cell types. Tkac et al. (38) had observed increased Gln levels between 2 and 3 months of age in R6/2 mice and also increased Glu levels at 3 months of age, and related these findings with compromised glutamatergic neurotransmission and astrocyte proliferation. In this line, mechanisms underlying motor alterations are possibly more complex than simply reflecting a change in GABA levels, thus further work should clarify the nature of these metabolite changes and their correlation to those symptoms.
Increases of Tau levels have been observed in diverse mice models (33, 36) . Because the synthesis of Tau in astrocytes may also be related to regulation of osmosis (47), the distinct pattern of correlation between Tau and aspartate levels in the HD mouse model suggests a changed neuroprotective mechanism (48, 49) although alternative explanations should be considered. The relation of this mechanism to the higher levels of Cr þ PCr observed early on remains intriguing. Tkac et al (38) also observed increases of Cr þ PCr between 2 and 3 months of life as well as an increase in PCr/Cr ratio, relating it to decreases in striatal energy demand. Here we replicated those findings and extended it by showing that Cr þ PCr is increased through the ageing brain up to 12 months of age. Increases of GPC þ PCh were also observed at 6 months of age, suggesting imbalance in phospholipid metabolism. Increases in GPC have also been reported in mice studied at early illness stages (4 weeks of age) (38) .
Overall, we can conclude that metabolic changes occur early on in YAC128 transgenic mice (Ala, NAA, Tau and GPC þ PCh), reflecting an initial acute pathophysiological response that may dampen with illness progression as a result of progressive tissue atrophy. Our longitudinal data acquired in the striatum may be critical to clarify the sometimes disparate patterns of metabolite changes reported previously with less available time points (33, 35, 36) . Previous studies focused mainly in the CPu at particular time points (33, 35) and here we studied the striatum longitudinally. Accordingly, we suggest that the metabolite changes are time and region dependent and further studies should also address other brain areas. Importantly, we identified an orthogonal correlation pattern between Tau and NAA at 9 months of age, when comparing YAC128 mice WT, suggesting a distinct neuroprotective response in response to changes in NAA. However, NAA is not a simple mirror of neural loss. Accordingly, and concerning the relation between striatal volumes and metabolite levels, we found a positive relation with Cr specifically in YAC128 mice. The choline compounds (GPC þ PCh) analysis (precursors of cell membrane components and acetylcholine), also showed a positive correlation with striatum volumes only in the HD mouse mode, suggesting high metabolic turnover when volumetric integrity is still present.
In sum, the present four-time point study, in an animal model incorporating the human huntingtin gene and which strongly mimics the human natural history of the disease, sheds new light on longitudinal changes that occur in HD from the volumetric, structural connectivity and neurochemical point of view, within and beyond the striatum. An intriguing disease-specific negative correlation between striatum and hippocampal changes over time was found. Moreover, a significant increase in striatal GABA levels, and changes in NAA and Tau and the sign of their correlation in HD were found. The structural and metabolic characteristics significantly vary along the natural history of the disease, and our longitudinal approach goes well beyond previous crosssectional studies and that may potentially shed light on the role of distinct biomarkers that can be used for follow and assessment of interventional approaches over time.
Materials and Methods
Mouse model
The YAC128 transgenic hemizygous mouse model of HD (line 53), described in (8), and non-transgenic WT littermates at 3, 6, 9 and 12 months of age were used in this study. The animals were housed in IVC racks, subjected to 12 h dark/light cycles, at 22 C, fed with laboratory mouse chow and tap water available ad libitum. All animals were generated and genotyped from the CNC.IBILI (University of Coimbra) local colony, with breeding couples provided by Professor Michael Hayden (University of British Columbia). YAC128 mice were maintained on FVB/N background and compared with WT littermate mice (FVB/N strain). The structural (MRI/DTI) and neurochemical (MRS) brain characterizations were implemented at pre/early manifest (3 months of life), early (6 months of life) and late (9 and 12 months of life) illness stages. Seven WT (three males and four females) and eight YAC128 transgenic (four males and four females) mice were analysed at each stage. Animal experiments were approved by the University Ethics Board and conducted according to the European Council Directives on Animal Care and to the National Authorities.
MR acquisition
In vivo image acquisitions were conducted with a 9.4 T magnetic resonance small animal scanner (BioSpec 94/20, Bruker Corporation, Germany) at the Institute for Nuclear Sciences Applied to Health (ICNAS), University of Coimbra. Animals were anesthetized with isoflurane (delivered through the system E-Z SA800, Euthanex, Palmer, USA), with constant temperature monitoring (Haake SC 100, Thermo Scientific, USA) and assessment of cardiorespiratory function (1030, SA Instruments Inc., NY, USA). For volumetric analyses, T2-weighted images were acquired in coronal planes using a RARE sequence: TR ¼ 3800 ms; TE ¼ 33 ms; 10 averages; pixel size of 0.0781 mm Â 0.0781 mm and slice thickness of 0.5 mm without spacing between slices (total head volume: 256 pixels Â 256 pixels Â 34 slices). Because of technical reasons, two WT and one YAC128 mice had to be excluded from this analysis.
For diffusivity analyses, DTI images were acquired using an EPI sequence with 85 gradient directions; b-value ¼ 1000 s/ mm 2 ; TR ¼ 3000 ms; TE ¼ 18.5121 ms; 8 averages; pixel size ¼ 0.1563 mm Â 0.1563 mm and slice thickness ¼ 0.5 mm, without spacing between slices (total head volume 128 pixels Â 128 pixels Â 18 slices). Because of technical reasons, two WT and three YAC128 mice should be excluded from this analysis.
1H-MRS data were collected on a volume of interest placed on the striatum (voxel size: 1.8 mm Â 1.8 mm Â 1.6 mm), using multi-slice RARE images, in three orthogonal directions (horizontal, coronal and sagittal) with the following parameters: TR ¼ 2500 ms, TE ¼ 33 ms, matrix size ¼ 256 pixels Â 256 pixels, field of view ¼ 20 mm Â 20 mm, slice thickness ¼ 0.5 mm, 22 slices, RARE factor ¼ 8, average ¼ 1 and scanning time ¼ 1 min 20 s. The voxel was placed accordingly with coronal, sagittal and axial T2-weighted images and adjusted to fit the anatomical structure of striatum minimizing partial volume effects. b0 maps were acquired and MAPSHIM was employed to automatically adjust first-and second-order shim coils with iterative correction. Spectral line widths of water around [13] [14] [15] [16] [17] [18] 
Volumetric analysis
For the analyses of brain structure volumes, the images were segmented in Matlab R2012b, following the procedure described below. (a) Correction of magnetic field inhomogeneity generated from the surface coil: the corrections were implemented using intensity curves from T2-weighted images obtained for a homogeneous phantom, and acquired with the same coil and system configuration. (b) Brain intensities were normalized between 0 and 7000 grey levels after exclusion of outliers (0.5%). (c) Images were segmented using a semi-automatic custom-made algorithm based on border detection. This procedure involves automatic skull stripping, automatic borders detection followed by manual tracing of undetected contours. (d) Subsequently, the regions corresponding to each SOI were identified, including: PFC, striatum, GP, hippocampus and thalamus; an example of a segmented T2 sequence is presented in Figure 8 . (e) The volume values were finally obtained by multiplying the number of voxels selected as belonging to each SOI by the voxel size.
DTI analysis
The parameters analysed from DTI were MD and FA, involving the following steps. (a) Eddy current correction was applied using the FDT diffusion toolbox of the FMRIB's Software Library (FSL). (b) Using the same software and toolbox, parametric maps were constructed, including images with inactive diffusion gradient (b0), MD and FA maps. (c) Using the b0 maps, images from each mouse and each acquisition time were co-registered to the same space (by means of an average b0 map) and the resultant transformation matrix was applied to the remaining parametric maps. In this step, an affine transformation with nine parameters was applied, using Matlab R2012b. (d) Parametric maps (e) Statistical analysis for comparison between WT and YAC128 structural diffusivity was implemented by computing the average MD and FA into the SOIs, using binary masks manually traced from the average b0 map, as show in Figure 9 , for each animal and acquisition time.
Neurospectroscopy data analysis
Data were saved as FIDs, corrected for the frequency drift and for residual eddy current effects using the reference water signal. Then 1H-MRS peak concentrations for major metabolites (e.g. Ala, Cr, NAA, GABA, Tau and Gluþ Gln-Glx-) were analysed using the LCModel software package (Stephen Provencher Inc., Oakville, Canada; Provencher 1993) and results are given relative to water content in tissue. Briefly, the LCModel analysis calculates the best fit to the acquired spectrum as a linear combination of the model basis set of brain metabolites. The Cramer-Rao lower bound (CRLB) provided by LCModel was used as a measure of the reliability, and metabolite concentrations with CRLB higher than 24% were not included in the analysis. Spectral quality was evaluated by visual inspection of the signal-to-noise ratio that were provided by LCModel (50) . CRLB values per group and age are reported for each metabolite as Supplementary Material (Supplementary Material, Table S2 ).
Statistical analysis
For statistical analysis of structural measurements (volumes, MD and FA), least squares regression has been applied for fitting data to the linear model present in Eq. (1), in order to obtain a better representation of longitudinal data for continuous predictor variables. On this model, intersect (b0) represents the group mean irrespective of trajectory while the slope (b1) represents the changes in the dependent variable (Y) from the group mean as a function of time. X represents time and Y represents the parameter to be measured: volumes, MD or FA.
Welch's t-test was subsequently used to depict if the coefficients (b0 and b1) significantly differs between mice groups. In addition, means and standard deviations for each time point and mice group have been provided.
Finally, ANOVA and Tukey's range tests were applied to evaluate sex dependency in measured parameters, through p1 l coefficients obtained from linear fit for each individual [see Eq. (2)].
Statistical analysis of the 1H-MRS data was performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) to identify changes in metabolite levels. An ANOVA repeated measures test (considered only at 6, 9 and 12 months of age because technical reasons) was used to evaluate whether the averaged metabolite concentration differed significantly between WT and YAC128 mouse groups. Studied metabolites included Ala, Cr, PCr, GABA, Gln, Glu, PCh, glutathione (GSH), myo-inositol (MI), lactate (Lac), NAA, N-acetylaspartylglutamate (NAAG), Tau, Cr þ PCr, Glx, GPC þ PCh and NAA þ NAAG. A Mann-Whitney test was used to test for gender differences. False discovery rate (FDR) correction for multiple comparisons was applied with alpha set to 0.05.
Correlations between parameters
We first assessed the Pearson correlation between striatal volumes and the volumes of the remaining SOIs. Also, the metabolite levels found at the striatum were analysed in terms of their correlation with volume. In all these cases, we applied linear fit to the data obtained from each individual, as shown in Eq. (2):
where X represents time and Y the measured parameters (volumes and metabolite levels at striatum). Finally, the correlation between p1 l values was evaluated considering a significance level of 5%.
Additionally, a Spearman correlation analysis (P < 0.05) was performed between the metabolites that reached significant differences between groups (previous to FDR correction) at each time point.
Supplementary Material
Supplementary Material is available at HMG online.
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